Kaede transgenic mice (Tg(CAG-Kaede)#Kgwa) (Tomura et al., 2008) on the C57BL/6J background were crossed with OT2 TCR transgenic mice (004194; B6.Cg-Tg(TcraTcrb)425Cbn/J)
transferred 2.510 5 CD4 + V  2 + KD OT2 into age and sex-matched 6-10 week old SAP-deficient recipient mice and allowed the cells to equilibrate before subcutaneous injection the next day with 20g of OVA in Sigma Adjuvant System (SAS, Sigma) in the lower flank and base of the tail.
Similar response kinetics were obtained with lower precursor frequencies (data not shown).
Draining inguinal lymph nodes were then analysed by two-photon microscopy or FACS at indicated timepoints as described below. For memory responses, mice that had been immunised were rested for at least 28 days and then rechallenged with 40g of OVA in SAS injected subcutaneously in the lower flank and base of the tail. SAP KO mice were used as recipients to remove competition from endogenous T cells. However, similar results were obtained in wildtype recipients (see Fig. S1 ). In some experiments, we also isolated antigen-specific B cells from SW HEL tdTomato mice by MACS negative isolation using biotinylated anti-CD43 clone S7 (BD) and anti-CD11c clone HL3 (BD) and anti-biotin magnetic beads (Phan et al., 2007) and co-transferred 2.510 5 HEL + SW HEL tdTomato B cells and V  2 + CD4 + KD OT2 into SAP-deficient recipients and immunised with 20g HEL-OVA injected subcutaneously in the lower flank and tail base. HEL was conjugated to OVA peptide 329-337 (Mimotopes) as described (Gatto et al., 2009) . To track antigen trafficking upon rechallenge, OVA or HEL (both from Sigma) was biotinylated and incubated in molar excess with SA-PE and unbound OVA-biotin or HEL-biotin was removed by size exclusion using an Amicon Ultra-4 centrifugal filter unit, MWCO 100kDa (Sigma). OVA-PE and HEL-PE was then injected subcutaneously to drain to the inguinal lymph node in mice immunised >28 days previously.
Labeling of GCs is described below. To label SCS macrophages, we injected CD169 clone Ser-4 (UCSF Hybridoma Core) conjugated to either Alexa Fluor 555 or Alexa Fluor 680 (Invitrogen) (Phan et al., 2009) . In some experiments, we also transferred CFP B cells as an additional fiducial label for the follicle.
In vivo fiducial labeling of GCs and validation of the labeling strategy
Previously we have injected anti-CD157 mAb clone BP-3 (UCSF Hybridoma Core) subcutaneously in the flank and base of the tail the day before imaging to label the follicular stroma in resting lymph nodes (Phan et al., 2007) . However, we have noticed that when CD157 is injected 3 or more days before imaging in immunised mice ("early injection of CD157"), it contracts to the centre of the follicle as shown by pulse-chase labeling with anti-CD157 conjugated to either Alexa Fluor 555
or Alexa Fluor 680 (Invitrogen) (see Figure S3 ). of PNA + cells colocalized with CD157, again indicating that it was labeling a substructure within the GC. Finally, to identify the substructure labeled by early injection of CD157, we generated in vivo immune complexes using a previously described protocol (Phan et al., 2007) by passive transfer of 1 mg of polyclonal rabbit anti-BSA antibodies (Rocklands) the day before subcutaneous injection of 20g of BSA conjugated to Alexa Fluor 680 (Invitrogen). This showed that 100% of the CD157 colocalized with the immune complexes and 43% of the immune complexes colocalized with CD157 with a Pearson's correlation coefficient of 0.61. Thus, early injection of CD157 labels a substructure in the GC which also traps immune complexes, most likely the FDC network in the light zone. We similarly confirmed this was true in secondary immune responses by colocalization of CD157 with PNA wholemount staining (100% colocalization of CD157 with PNA and 77% colocalization of PNA with CD157, Pearson's correlation coefficient of 0.66). Thus, GCs defined by early injection of CD157 are the same between primary and secondary responses.
In addition to these two-photon microscopy validation studies, we also demonstrated conventional identification of GCs by histology (Fig. S4) . For this, anti-CD157 mAb was injected subcutaneously on day 3 and lymph nodes from immunised mice were harvested on day 7 and snap frozen in OCT (TissueTek) and 10m cryosections stained with anti-IgD mAb (clone 11-26, Southern Biotechnology) and anti-CD35 mAb (clone 8C12, BD Bioscience) as previously described (Phan et al., 2007) . Analysis of serial sections showed that in vivo labeling with CD157
identified regions inside the follicle that only had a few IgD + naïve B cells. In contrast, the CD157 colocalized with CD35, which is expressed at high levels by follicular dendritic cells (FDCs) in the light zone of the GC (Allen and Cyster, 2008) . Finally, in agreement with the wholemount staining and two-photon microscopy ( Fig. S3) , CD157 also labeled IgD lo PNA + regions that are generally accepted histological criteria for GCs. Thus, early injection of CD157 identifies the FDC network inside GCs.
Retroviral transduction of primary T cells
Splenocytes were isolated from C57BL/6J mice and irradiated with 2000 rads using an X-RAD 320
(Precision X-Ray transduced cells (>97% purity) into C57BL/6J recipient mice and immunised them 6 hours later with 20g OVA as described above. Draining inguinal lymph nodes were harvested 7 days later and scanned by two-photon microscopy to determine the localisation of transduced cells.
Two-photon microscopy and two-photon photoconversion
Intravital two-photon microscopy and TPP was performed as previously described with some minor changes (Chtanova et al., 2014) . Briefly, mice were induced with 100mg/kg ketamine/5mg/kg xylazine and maintained on 1-2% isoflurane supplemented with 100% oxygen for anesthesia. Mice were kept warm on a custom heated SmartStage (Biotherm) set to 38˚C. The inguinal lymph node was mobilised along with the intact inguinal ligament in a skin flap and fixed on a base of thermal conductive T-putty (Thermagon Inc.) with VetBond tissue glue (3M). The cortical surface of the lymph node was exposed by microdisseting the skin and overlying fat and fascia layers. A rubber O-ring was used to stabilise the meniscus and in some experiments we also used Immersol (Carl Zeiss Fluor 680 label with PNA in the GC. TPP was achieved by real-time interactive scanning of ROIs with 840nm NIR excitation laser pulses for 2,000-5,000 cycles at varying laser power intensities to achieve optimal photoconversion as determined by loss of green and acquisition of red signal (Chtanova et al., 2014) . TPP was non-toxic as demonstrated by the fact that cells within the photoconversion volume continued to migrate with the same velocities before, during and after TPP.
Image analysis and cell tracking
Raw image files were imported into Imaris (Bitplane) and image intensities and thresholds adjusted and a Guassian filter used to reduce noise. Drift correction was applied and cells were detected using the spot detection function and the automatically generated tracks were manually verified.
Cells were identified using the Spot detection function to enable counting of red and green cells in the GC and FM. Motility parameters were extracted from the Imaris Statistics function and calculated as described (Matheu et al., 2011) . Note the "confinement index" (calculated as "track straightness" in Imaris) is defined as the displacement divided by the total track length and does not directly measure the confinement of cells to a particular compartment per se but rather the likelihood a cell will move in a straight line and thereby leave a compartment. In some experiments, surfaces were applied to delineate the boundaries of GCs using the Imaris Surface function and individual tracks assigned in relation to these boundaries. For these analyses, the GC was defined as the CD157-rich centre of the follicle and the FM was defined as the surrounding CD157-negative area between the GC and capsule. For analysis of cell behaviour when distant (>20m) and proximal (<20m) to SCS macrophages, individual tracks were manually checked at each timepoint to determine their position in relation to the CD169 + SCS macrophages. Time-lapse images were exported, compiled and annotated in Adobe AfterEffects (Adobe), and movies converted using HandBrake (https://handbrake.fr).
FACS analysis and single cell FACS sorting
Draining inguinal lymph nodes were harvested and single cell suspensions prepared for (eBioscience) and anti-PD-1 PE or APC clone J43 (BD). Staining for CXCR5 was followed by blocking with normal rat serum (Jackson ImmunoResearch Laboratories), and staining for CCR7 was performed at 37˚C. Staining for EBI2 was performed with affinity purified polyclonal chicken anti-EBI2 antibodies (Gatto et al., 2013) to room temperature for 5 minutes before 1l of stop solution was added for 2 minutes. 4.5l of RT mix was then added and incubated for 10 minutes at 25˚C, 60 minutes at 42˚C and 5 minutes at 85˚C. We then added 11l of the PreAmp Mix/Taqman assay and preamplified the transcripts by holding at 95˚C for 10 minutes then running 14 cycles of 95˚C for 15 followed by 60˚C for 4 minutes in a C1000 Thermocycler (BioRad). We then performed RT-qPCR on the diluted preamplified product using the 7900HT Fast Real-Time PCR System (Applied Biosystems).
Pre-processing of single cell gene expression data
Raw cycle threshold (Ct) values were subtracted from a cutoff value of 35 to obtain dCt values.
These were then expressed as Relative Quantitation (RQ) values (2 ΔCT ). The data was log 2 transformed using the LogTransform module in GenePattern (https://pwbc.garvan.org.au/gp), which sets any negative values (arising from samples with gene expression below the threshold Ct 35) to zero. Single cell expression datasets were quantile normalized using the NormalizeColumns module in GenePattern ( Figure S5 ). For the purpose of normalization, zero values were removed from the dataset and replaced afterwards.
Gene expression analysis by NMF
Gene expression analyses were carried out on a complete log-transformed normalized dataset of 32 genes across 252 single-cell samples (8064 transcripts). Seven genes (Foxp3, Ifng, Il2ra, Prdm1, Rorc, Slamf8 and Tbx1) were not expressed at all and excluded from analysis to leave a 25 gene dataset (B2m, Bcl6, Btla, Ccr7, Cd28, Cd40lg, Cd62l, Cd69, Cxcr5, Gapdh, Gata3, Gpr183, Icos, Il21, Il4, Il6ra, Il7r, Maf, Nr4a1, Pdcd1, Rgs16, Rn18s, S1pr2, Sh2d1a, Slamf6) . LimmaGP, a
GenePattern implementation of the Limma (Smyth, 2004) BioConductor library module in GenePattern, was used to identify differentially expressed genes between user-defined cell populations (based on micro-anatomical location), with a false discovery rate (FDR) of <0.05. To identify cell populations without a priori classification, NMF was coupled with a model selection method, NMFConsensus (Brunet et al., 2004) as implemented in GenePattern, which determines the most robust and reproducible number of subclasses that exist within the dataset. Heatmaps were generated using the HeatMapViewer module in GenePattern and metagenes and vectors plotted in R (http://www.R-project.org).
Statistical analysis
Data was analysed with Prism software (GraphPad). For comparison between two normally distributed groups we used a two-tailed unpaired Student's t-test with Welch's correction, and for more than two groups we used one-way ANOVA with Tukey's correction for multiple comparisons.
Non-parametric data was analysed by Mann-Whitney U test. Differences between multiple paired measurements were analysed by the Wilcoxon signed-rank test. Colocalization was analysed by calculating the Pearson's correlation coefficient in Imaris.
Brunet, J.P., Tamayo, P., Golub, T.R., and Mesirov, J.P. showed that in vivo injection of CD157 on day 3 labels a region in the centre of the follicle that is IgD low and PNA negative that is classically defined as the GC. enter the lumen (yellow triangle), detaching and leaving the follicle (red circle), flowing past in the lymphatic stream (red triangle) and arriving in the follicle (white triangle). Note even at this late timepoint a Tfh cell can be seen dividing on the process of a SCS macrophage (arrow). See also Figure 6E and F. Second movie shows z-stacks from lymph node in which secondary Tfh cells in the GC were photoconverted and mice allowed to recover from anesthesia before the lymph node was optically sectioned by two-photon microscopy 24 hours later. 3D mosaic tile of one lobe of the inguinal lymph node used to identify photoconverted red cells in Imaris is shown. Photoconverted GC Tfh cells, red; unphotoconverted Tfh cells, green; CD157, magenta; SHG from collagen in the capsule, blue. See also Figure 6G and H.
